Abstract. Previous climatological investigations of ionospheric irregularity occurrence in the equatorial ionosphere have utilized in situ measurements of plasma density to identify the presence of an irregularity. Here we use the Morlet wavelet and C/NOFS to isolate perturbations in meridional ion drifts and generate irregularity occurrence maps as a function of local time, longitude, season, and solar activity. For the low solar activity levels in 2008, the distributions identified by velocity perturbations follow normalized density perturbation ( N/N) maps with large occurrences after midnight into dawn over all longitudes. The velocity and normalized density occurrence maps contract in both local time and longitude with increasing solar activity. By 2011 irregularities are confined to particular longitudes expected by alignment and a few hours of local time after sunset. The variation in the occurrence of the late night irregularities with solar activity is consistent with the presence of gravity wave seeding.
Introduction
Irregularities in the plasma number density are a common feature of the equatorial ionosphere that can be responsible for significant disruption to radio communication and navigation systems. The irregularities are born in the bottom side of the F region and grow non-linearly during the night through the generation of polarization fields that cannot be shorted through the underlying E region.
The exact mechanisms that underlie irregularity formation are still a topic of study (review by Abdu, 2012) , though the generalized Rayleigh-Taylor instability is generally agreed to play a role in irregularity formation. This instability is dependent upon the ion-neutral collision frequency; thus, an upward vertical E×B ion drift, which raises the height of the ionosphere into lower neutral densities, is thought to play an important role in irregularity formation (Sultan, 1996) . The strength and duration of the pre-reversal enhancement (PRE), which usually occurs near sunset, is influential in determining the magnitude and duration of the irregularities that develop (Abdu et al., 1981; Stolle et al., 2008) .
Other instability processes may also be a factor; Aveiro et al. (2012) combined the collisional shear instability and the generalized Rayleigh-Taylor instability numerically and found that irregularities were produced that displayed underlying characteristics of 30 and 100 km waves. The collisional shear instability is driven by a shear in the relative zonal ion neutral drift with altitude near sunset. In the topside F region plasma will drift westward with the neutral atmosphere while at lower altitudes plasma will drift eastward against the neutral flow. The numerical model was seeded with white noise; thus the 30 and 100 km-scale size perturbations that develop are initially supplied to the model, among many others. Significantly, however, the scale sizes that dominate are not preferentially supplied to the numerical model.
Seasonal and longitudinal variations in the occurrence of irregularities are expected to follow variations in the main drivers of irregularities. The alignment of the magnetic meridian with the sunset terminator has a large influence on the integrated conductance of a field line. The lowaltitude portions of field lines aligned with the terminator cross into darkness simultaneously increasing conductivity gradients with local time. The gradient in conductivity across the terminator has an effect on the magnitude of the fringing field from the F region dynamo that leads to the PRE (Abdu et al., 1981; Eccles, 1998) . Numerous satellite investigations 422 R. A. Stoneback and R. A. Heelis: Ion drift irregularities (Kil and Heelis, 1998a; Hei et al., 2005; Gentile et al., 2006; Su et al., 2006; Stolle et al., 2008; Kil et al., 2009; Heelis et al., 2010; Dymond, 2012) have shown that a component of the seasonal and longitudinal variations in irregularity occurrence may be explained by the alignment of the terminator and magnetic field (Tsunoda, 1985) .
Seasonal distributions of irregularities have been formed using in situ satellite measurements of density that identify irregularities using sharp changes or a large variance in density. Here we use the Morlet wavelet and the continuous wavelet transform to isolate perturbations in meridional ion drift as a function of scale size to identify irregularities measured by the Coupled Ion Neutral Dynamics Investigation (CINDI) on board the Communication and Navigation Outage Forecasting System (C/NOFS). For comparison, similar distributions are computed using perturbations in density ( N) and normalized density ( N/N). The density perturbation calculation follows the process detailed by Stoneback et al. (2013) , which is extended to velocity measurements. The process for constructing N/N is presented here. The occurrence of irregularities using each of these indices is presented as a function of local time, longitude, solar activity, and season. The in situ results are validated against seasonal climatologies of COSMIC estimates of scintillation. Su et al. (2008) concluded that the vertical ion drift velocity was the best indicator for the formation of irregularities using ROCSAT-1. Stolle et al. (2008) found that integrating the vertical ion drift measured by ROCSAT-1 during the PRE was a better indicator of irregularity formation as measured by CHAMP but did not rule out the peak vertical drift as a leading indicator as concluded by Su et al. (2008) . We find at moderate levels of solar activity that irregularity formation after sunset is consistent with the upward drift at sunset. However, at solar minimum irregularities are found over all longitudes with little relationship to the alignment of the solar terminator with the magnetic field. The occurrence of irregularities decreases smoothly with increasing solar flux absent changes in the ion drift until moderate activity levels are reached. The observed dependence in longitude and solar activity is consistent with seeding from gravity waves and the reduction in force applied by a gravity wave with increasing solar activity (Vadas and Fritts, 2006) .
Data
The C/NOFS satellite was launched in April, 2008 into an equatorial orbit with 13 • inclination. The orbit is elliptical with perigee originally at 400 km and apogee at 850 km. Ion measurements by CINDI are performed by two instruments: a retarding potential analyzer (RPA) and an ion drift meter (IDM). The RPA measures plasma temperature, density, composition, and ion drift velocity along the satellite track while the IDM measures ion drift velocities in two orthogonal directions perpendicular to the satellite track. The full three-dimensional velocity vector is transformed into a magnetic coordinate system using GEOPACK-2008 (Tsyganenko, 2008 ) and the attitude and position of C/NOFS. The meridional E × B ion drift utilized here is perpendicular to the magnetic field and in the plane of the magnetic meridian. Positive drifts are vertically up at the geomagnetic equator.
The FormoSat-3 constellation COSMIC (Anthes et al., 2008 ) is a constellation of six micro-satellites launched in April, 2006, each carrying a GPS receiver (Schreiner et al., 2012) . Measurements of GPS signals as they occult the ionosphere may be converted to electron density profiles using the Abel inversion (Lei et al., 2007) . Assumptions with this inversion break down when there are large horizontal gradients in the ionosphere. Errors may be found within the E region as well as at low latitudes. The derived parameters NmF2 and hmF2 are less affected by these errors, and are generally reliable (Yue et al., 2010) . Profiles are restricted to derived hmF2 altitudes between 175 and 475 km. The profiles provided by the COSMIC Data Analysis and Archival Center (CDAAC) may also contain errors due to cycle slips or multi-path signals (Hwang et al., 2010) . These distorted profiles are excluded by filtering profiles with sharp density gradients.
Variances in the signal during the RO may also be used to estimate the scintillation index (Ko, 2010; Dymond, 2012) . Seasonal occurrence frequencies for scintillation are computed using COSMIC data for comparison to the CINDI in situ irregularity estimate. We use the averaged S 4 index over 9 s around the maximum S 4 for a given RO, publicly available at CDAAC. Though scintillation effects may occur anywhere along the GPS signal path, the location of the scintillation is taken to be the tangent ray height following Straus et al. (2003) and Dymond (2012) .
In situ measurements of plasma density and meridional ion drift by CINDI are analyzed and processed using the Morlet wavelet (Torrence and Compo, 1998) . The Morlet wavelet is constructed using a combination of sine and cosine functions, windowed in time by a Gaussian function,
where η is a non-dimensional "time" parameter. The nondimensional frequency ω • is taken to be six to satisfy the admissibility condition for wavelets. The wavelet transform is determined by the convolution of the wavelet with the desired signal. The use of sines and cosines gives the Morlet wavelet decomposition an interpretation similar to the Fourier transform; however, the use of a Gaussian time window provides for greater specificity in time. This wavelet has been used by Stoneback et al. (2013) to determine a scale-limited variance in ion density. Changes in this wavelet-determined variance are consistent with ground-based measurements of scintillation by SCINDA (Stoneback et al., 2013) and are shown here to be consistent with climatological measurements by COS-MIC (FormoSat-3).
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The variation in altitude for C/NOFS leads to measured variations in ion density that should not be confused with irregularity formation; thus, the wavelet variance is limited here to a maximum scale size of 100 km. The relationship between the wavelet scale size (s) and Fourier wavelength (λ) is wavelet dependent. For the Morlet configuration used here, the two are nearly equal (Torrence and Compo, 1998) ,
The scale-limited variance is calculated following (Torrence and Compo, 1998 )
where A is the variance at a given time, P j is the wavelet power at size s j , δt is the time between samples, δj is the dyadic spacing between scale sizes (0.25), and C is a constant dependent upon the wavelet choice. This equation is used to obtain the variance in plasma density ( N) and the meridional ion drift ( V ). The normalized density variation N/N is the change in ion density normalized by the background plasma density. The change in density is obtained by calculating the waveform associated with a limited scale range from the wavelet transform
where Re (W n (s)) is the real part of the wavelet transform and ψ • (0) is a wavelet-dependent scalar. The background ionosphere from which irregularities deviate is estimated by subtracting the perturbation waveform from the raw measurements,
Scale sizes up to 850 km are used to calculate N to provide a more accurate estimate of the background ionosphere. The absolute normalized density change is thus
where N in the numerator and denominator are both given by Eq. (4). Alternately, the variance in density ( N) could be used in the numerator. A larger scale range may be tolerated when only utilizing the real part of the wavelet transform as it couples most strongly with perturbations centered on the time investigated. The wavelet power used in the variance also includes a contribution from the imaginary component, or sinusoidal term, which maximizes with an oscillation out of phase with the current time. This increases the temporal range over which a perturbation at a given scale size and time will produce an elevated response.
To limit the impact of altitude variations in the C/NOFS orbit upon the sampling of irregularities, measurements are restricted to altitudes less than 550 km for all seasons. Measurements are also restricted to satellite locations within 12 • of the magnetic equator and to periods of low magnetospheric activity such that the Kp index must be less than 3+ for at least 24 h. Results do not change significantly if the maximum allowed Kp is altered or even removed.
The N, V , and N/N are used to generate occurrence probability distributions as a function of local time, apex longitude, season, and solar activity. An irregularity is identified when the relevant wavelet-derived index passes a threshold, N > 5E3 N/cc, V > 5 m s −1 , or N/N > 0.15. The occurrence of irregularities is defined as the number of C/NOFS orbits that encounter an irregularity divided by the number of orbits that pass through that bin (Kil et al., 2009 ). We will show these thresholds produce irregularity maps consistent with COSMIC estimates of scintillation.
Apex longitude is used to organize the data according to the dominant dipole structure of the magnetic field, shown in Fig. 1 . Gravity waves are driven by processes in the neutral atmosphere, such as weather patterns, that are organized geographically. However, the effects of gravity waves upon irregularity formation will map along field lines and are thus influenced by the magnetic field. Irregularity formation is also expected to be influenced by the alignment of the sunset terminator and the magnetic field. This situation results in some tension between the most appropriate coordinate system for analysis. Apex coordinates are used here so that declination effects are most clearly identified, allowing for simple identification of irregularities that deviate from this pattern. To ensure the choice of coordinates does not unduly impact any of the conclusions presented, measurements were analyzed in both systems and found to be consistent. The presented seasonal averages may be approximately translated into geographic longitudes by adding −72 • to the listed apex longitudes.
Results
The wavelet-derived indices for identifying the presence of an irregularity are shown in Fig. 2 for a single pass. The threshold value for each index is shown with a dashed line. In the top panel the raw density measurements are shown along with the wavelet-derived variance in density, N. Note how the density perturbations are low until the appearance of irregularities. The middle panel shows both the average density (N − N) and the resulting normalized density change, N/(N − N ). Since the Morlet wavelet is oscillatory, the average density obtained tends to travel through the middle of the wider density perturbations. Both the absolute and normalized density indices indicate irregularities at the same locations. The bottom panel has measurements of the meridional ion drift along with the wavelet-determined variance ( V ). Like the other indices, the magnitude is low before the onset of irregularities and increases with the presence of an irregularity. However, one irregularity does not have a velocity variance above the 5 m s −1 threshold. Figure 3 shows the irregularity occurrence distribution as a function of apex longitude and magnetic local time (MLT) for the December solstice seasons, defined as 134 days centered upon the solstice. The mean solar activity level for each season is listed in Table 1 . Each row in the figure is a separate year, and the columns vary the wavelet product used to construct the distribution. The first column is the N occurrence distribution and tends to exhibit the narrowest range of longitudes and local times. The large reduction in the background density for the nighttime ionosphere as a function of local time tends to inhibit a N optimized for sunset from identifying irregularities late at night. The same longitudinal distribution is seen for all seasons with a maximum occurrence east of 0 • apex longitude, or −72 • geographic longitude. The maximum occurrence in longitude is coincident with areas of negative magnetic declination, consistent with the alignment hypothesis (Abdu et al., 1981; Tsunoda, 1985) . The largest occurrences are seen in the December solstice of 2011, coincident with the largest solar activity levels and the highest ambient density levels.
The N/N distributions in the second column show irregularities over a significantly larger local time and longitudinal range than for N. The distribution for December 2008 is consistent with a similar plot by Heelis et al. (2010) that used a running mean over 400 km to determine N/N. Immediately after sunset, the distribution follows N ; however, it quickly expands westward into an area with positive magnetic declination. As solar activity increases, the late night irregularities decrease smoothly in occurrence, and by 2011 no trace of the expansion in longitude late at night is observed. Note that N/N may not identify the presence of an irregularity in the early stages of formation as the density change is not yet significantly different than the background. The third column is the occurrence of irregularities identified through changes in the meridional ion drift. These distributions are consistent with those obtained by using N/N for all years. This signature decreases smoothly as solar activity increases each year and is no longer visible by December 2011. The F10.7 values for each season and year are listed in Table 1 . Figure 4 shows the occurrence of irregularities for N/N and V for the June solstices. The relation between N and V is the same as observed for the December solstices and is not shown. While irregularities are confined to particular longitude sectors at high solar activity, at lower activity levels V and N/N are observed at almost all longitudes. There is a time lag between the V and N/N distributions, with V statistically indicating irregularities before N/N. This is expected as in situ measurements and numerical modeling have shown that perturbations in velocity associated with an irregularity may be observed before there are changes in plasma density (Aveiro et al., 2012) .
The occurrence of scintillation with S 4 > 0.15 as estimated by COSMIC measurements in the range of ±15 MLAT (magnetic latitude) is shown in Fig. 5 . Representative December and June solstices are shown. Other years show similar distributions though there are gaps in the occurrences. A minimum of 10 measurements are required, where the occurrence is the number of observations with significant S 4 divided by the number of observations. Similar occurrences are seen for CINDI N and COSMIC in the December solstice, though the CINDI occurrences are a bit lower than the COSMIC threshold. However, the similar longitudinal and local time distribution indicates the in situ irregularities identified by the N threshold are significant. In later years, all indices give similar distributions in longitude in local time, supporting the thresholds used for N/N and V . The N distributions for the June solstice have not been shown; however, the COSMIC pattern compares well with the N/N and V patterns in 2011-2012.
The distributions of the equatorial meridional ion drift along with the height of the ionospheric density maximum (hmF2) are shown in Figs. 6 and 7 for the December and June solstices, respectively. Measurements for both platforms are restricted to ±15 magnetic latitude (MLAT). Variations in the meridional ion drift in the afternoon through sunset are Correlations between CINDI and COSMIC are also seen near sunset for the June solstice in Fig. 7 . Downward drifts on either side of Africa have a corresponding decrease in hmF2. The decrease between 180 and 240 • is more visible in the data. Drifts between 0 and 18 • have larger magnitudes in general than the remaining sectors, but the lowest hmF2 instances are generally observed between 15 and 105 • . Over Africa there is a gradient in hmF2 and on average drifts are weak or upward near sunset.
Discussion and conclusion
The Morlet wavelet has been used to identify ionospheric irregularities through changes in density, normalized density, and meridional ion drift. At the lowest solar activity levels, the normalized density and velocity distributions are highly similar, with active irregularities late into the night and over a broad range of longitudes. This is very different from the N distribution, with irregularities confined in both longitude and local time. The difference in these indices is a result of the dependence of N upon the background ionosphere. Irregularities in areas with low density will register as a smaller density perturbation than in areas with larger densities.
The late night low solar activity distributions are seen for both the June and December solstices as well as the equinox seasons (not shown). As solar activity increases, the irregularity distributions for all indices converge on that given by absolute density. The similarity of occurrence magnitudes over all indices for both COSMIC and CINDI at higher solar activity demonstrates the threshold values for each respective quantity are significant and roughly equivalent, though the interpretation of both V and N/N does not depend upon the background ionosphere. The use of V also provides similar information to N/N without requiring a calculation of the background density. The change in the irregularity distribution for these quantities over time confirms a dependence of irregularity formation upon solar activity.
The broad occurrence of irregularities at low solar activity in longitude is not consistent with the hypothesis that the alignment of the solar terminator and the magnetic field at sunset is a controlling factor in irregularity formation. For N/N at low solar activity, longitudes that are not aligned have irregularities that first appear later in local time near 21:00 MLT and maximize after midnight. However, during moderate solar activities for the December solstice in 2011 irregularities are primarily confined to regions that satisfy this alignment. These irregularities first appear near 19:00 MLT and taper off after midnight for all parameters.
The same general conclusions apply to the June solstice seasons. The broad occurrence of irregularities over all longitudes at low solar activity is not consistent with the alignment hypothesis. As solar activity increases, the longitudinal range contracts, confining irregularity formation to areas with positive declination that are aligned with the terminator. The contraction is observed with both V and N/N, indices that are not dependent upon the magnitude of the density of the ionosphere.
The expanded distribution of irregularities at low solar activity suggests a change in the relative influence of drivers that lead to the formation of irregularities. Given the relationship between meridional (vertical) ion drifts and the formation of irregularities, changes to this drift could be expected to influence the irregularity occurrence. As expected, a positive relationship is observed between the reappearance of irregularities just after sunset and the PRE in 2011. However, the overall change in the broad longitude response of irregularity formation with solar activity is not matched with similar changes in ion drift.
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The broad longitudinal irregularity occurrence could reflect seeding effects from gravity waves (Abdu, 2012) . Work by Vadas and Fritts (2006) found that at solar minimum gravity waves exert forces up to heights of 230 km and up to 360 km at solar maximum. While gravity waves do not travel as high in altitude at solar minimum, the force imparted by the gravity waves is larger than at solar maximum. COSMIC measurements demonstrate an increase in hmF2 with solar activity, from a range of 250-300 km in 2008 to 380-460 km in 2011 during the December solstice, and 230-300 km in 2009 and 260-380 km in 2012 during the June solstice. Thus, gravity waves could be expected to exert forces in the bottom-side ionosphere for most seasons presented. Solar activity increases year over year for the presented seasons, reducing the force imparted by a gravity wave source each year. Thus, the expected forcing from gravity waves is consistent with the observed longitudinal and yearly changes in irregularity occurrence.
Fourier analyses of density measurements of irregularities have shown a power law variation with scale size (Livingston et al., 1981; Kil and Heelis, 1998b; Wernik et al., 2007) . This power law distribution is a result of the physical processes behind the formation of the irregularity and thus numerous studies have focused on this power spectrum. The successful use of wavelets here to isolate perturbations in both density and velocity enables a comparison of power spectra of simultaneous measurements of density and velocity. An analysis of the relationship between these two spectra as functions of longitude, season, local time, and solar activity may reveal additional information on the formation of irregularities.
